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Abstract
Fusion between Sendai virus (SV) and individual host cells was investigated with confocal laser scanning microscopy
(CLSM) and image correlation spectroscopy (ICS). SV was labeled with the fluorescent probe 7-octadecylamino-4-nitrobenz-
2-oxa-1,3-diazole (NBD-NH-C18) and was allowed to bind to host cells (HEp-2, BALB-3T3) at 4‡C. The effect of
lipophosphoglycan (LPG), isolated from Leishmania donovani, on virus fusion was investigated by incorporation of LPG (0,
5, 10 or 20 WM) into the host cell membrane (HEp-2) before addition of SV. LPG did not affect the number of SV bound per
cell. After incubation at 37‡C for 15 min without LPG, CLSM revealed a redistribution of NBD-NH-C18 from the SV
envelope to the host cell membrane and an increase in average fluorescence intensity, indicating dequenching. ICS analysis of
images obtained after incubation at 37‡C showed an increased mean cluster density to 260% of the value at 4‡C, reflecting the
disappearance of labeled SV from the cell surface and diffusion of NBD-NH-C18 into the host cell membrane. Preincubation
of the cells with LPG inhibited the temperature-induced redistribution and dequenching of NBD-NH-C18 in a
concentration-dependent manner, with a total inhibition of fusion at 20 WM LPG. Together, the results demonstrate that
CLSM combined with ICS is a powerful tool for studies of fusion of enveloped viruses with individual host cells and that
LPG inhibits the fusion process at or before the hemifusion (lipid mixing) stage of SV interaction with cells. 0167-4889 / 98 /
$ ^ see front matter ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Sendai virus (SV) is an enveloped (membrane-
bounded) virus that belongs to the paramyxovirus
family. The infectious entry of SV into host cells
requires the fusion of the viral membrane with the
host cell plasma membrane. The fusion event, which
takes place at neutral pH, is most likely a two-step
process involving a binding step followed by the ac-
tual fusion. SV attachment and fusion is mediated by
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interaction between the viral spike glycoproteins HN
and F and target structures on the host cell mem-
brane [1]. HN (hemagglutinin-neuraminidase) has
been identi¢ed as the main mediator of viral attach-
ment through interaction with sialic acid containing
glycoproteins and glycolipids, such as the ganglioside
GD1a [2^4]. The F protein is assumed to mediate
fusion by directly interacting with the host cell mem-
brane through the hydrophobic segment contained in
the F1 polypeptide chain [5]. A proteolytic 45 kDa
membrane protein which appears to be essential for
fusion has recently been found closely associated
with the F protein [51].
The actual fusion of the viral and host cell mem-
branes has been suggested to begin with hemifusion,
a transitory stage where only the outer membrane
lea£et of the viral envelope is continuous with the
outer lea£et of the cell membrane [6,7]. Hemifusion
allows lipids from the outer lea£et of the virus enve-
lope to di¡use into the outer lea£et of the host cell
membrane, but does not permit di¡usion of viral
envelope proteins [8]. Hemifusion is followed by fu-
sion of the inner membrane lea£ets and the opening
of a small fusion pore which allows introduction of
the viral genome into the cell. Finally, after widening
of the pore, redistribution of viral envelope proteins
into the host cell membrane occurs [8]. Hemifusion
(stalk) and fusion pore intermediates have also been
suggested to occur in membrane fusion on the basis
of formation of structures that can minimize elastic
bending energy and interstitial packing constraints
[9,10].
Fusion inhibitors have an important potential as
antiviral drugs against enveloped viruses such as
HIV. Much is still unknown about the process of
viral fusion, as well as the mechanism of action of
many inhibitors of fusion, including lipophosphogly-
can (LPG) [11]. LPG is a major cell-surface compo-
nent of Leishmania donovani [12] with a number of
biological e¡ects related to protection of the Leish-
mania parasite from the immune defense of the in-
fected host. For example, LPG renders Leishmania
major resistant to complement-mediated lysis,
although binding of complement is still intact [13].
LPG also protects Leishmania from destruction with-
in macrophage phagolysosomes [14] and inhibits pro-
tein kinase C (PKC) activity [15]. The LPG of L.
donovani is a polymer of repeating phosphorylated
disaccharide units (n = 16) linked via a carbohydrate
core to a alkylphosphatidylinositol moiety with a
particularly long alkyl chain of 24 or 26 carbon
atoms that anchors the molecule ¢rmly in the mem-
brane [16^18]. It has been demonstrated that incor-
poration of even small mole fractions of LPG into
target membranes (erythrocytes or liposomes) drasti-
cally reduces the fusion rate of SV and in£uenza
virus [11]. Preincubation of CD4 host cells with
15^20 WM LPG was recently shown to inhibit HIV
infection and syncytia formation in vitro [19]. The
activity of LPG as a fusion inhibitor may rely on
its e¡ect as a membrane stabilizer since LPG also
was shown to be very potent at raising the bilayer-
to-hexagonal-phase transition temperature (TH) of
phosphatidyletanolamine [11].
The £uorescent lipid probe octadecylrhodamine-B
(rhodamine-C18, R18) [20] has been employed in
several studies of SV fusion in bulk suspension of
erythrocyte ghosts or liposomes (see for instance
[21^25]). The method relies on the dequenching of
R18 after fusion and dispersion of the probe in the
host membrane [26]. The probe has also been used
for imaging fusion with low-light-level video micros-
copy, using mainly in£uenza virus and erythrocytes
[8,27,28]. In this study we employed a related £uo-
rescent lipid probe, 7-octadecylamino-4-nitrobenz-2-
oxa-1,3-diazole (NBD-NH-C18), which can be ex-
cited at 488 nm and, similar to R18, appears to dis-
play concentration-dependent £uorescence quenching
(see Section 3).
Image correlation spectroscopy (ICS) is a techni-
que which yields a quantitative measure of the degree
of aggregation of £uorescently labeled molecules, pri-
marily cell membrane proteins or lipids [29,30]. ICS
has previously been applied to studies of receptor
aggregation [29^31] and recently for studies of clus-
tering of membrane proteins into clathrin-coated pits
[32]. In this study we describe a new application of
ICS in investigating the e¡ects of LPG on the fusion
between SV, labeled with NBD-NH-C18, and indi-
vidual host cells. Cells with attached SV were imaged
with confocal laser scanning microscopy (CLSM)
and the images were analyzed with ICS to obtain
quantitative information about the distribution of
the £uorescent probe at 4‡C and after induction of
virus fusion by heating the sample to 37‡C.
We show that by combining CLSM and ICS we
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can image and measure the redistribution of NBD-
NH-C18 into the membrane of individual host cells
after virus fusion and that CLSM/ICS is sensitive
enough to discriminate between di¡erent degrees
of fusion inhibition by various concentrations of
LPG. LPG is shown to markedly inhibit the rate of
fusion without a¡ecting the binding of the virus to
cells.
2. Materials and methods
2.1. Chemicals
Dichloromethane was from BDH Inc. (Toronto,
Ont., Canada). Octadecylamine and 7-chloro-4-nitro-
benz-2-oxa-1,3-diazole (NBD-Cl) were from Aldrich
(Milwaukee, WI, USA). Sepharose G75 and blue
dextran were from Sigma (Mississauga, Ont., Cana-
da). KNP bu¡er (pH 7.4) contained 120 WM KCl, 30
mM NaCl and 10 mM sodium phosphate
(Na2HPO4W12H20). Phosphate bu¡ered saline with
Ca2 and Mg2 (PBS) was from Gibco BRL (Gai-
thersburg, MD, USA). Lipophosphoglycan (LPG)
was puri¢ed from the outer membrane of L. donovani
as previously described [16].
2.2. Cells
The human epithelial cell line HEp-2 and the
mouse embryo ¢broblast cell line BALB-3T3 (clone
A31) were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). HEp-2
cells were grown in high-glucose (4500 mg/l) Dulbec-
co’s modi¢ed Eagle medium (DMEM; Gibco BRL)
supplemented with 5% (v/v) fetal calf serum (FCS),
100 U/ml penicillin, 100 Wg/ml streptomycin and 584
mg/l L-glutamine (all from Gibco BRL). BALB-3T3
cells were grown in DMEM of similar composition
except that FCS was exchanged for 10% calf (sic)
serum. HEp-2 cells were passaged twice weekly.
BALB-3T3 cells were passaged once a week with a
change of medium on day 4. Each cell line was
seeded on 22 mm circular glass coverslips placed in
small Petri dishes 48 h before experiments. All cells
were grown in a standard cell culture incubator at
37‡C in an atmosphere with 5% carbon dioxide and
high humidity.
2.3. Virus
The Cantell strain of SV was propagated in the
allantoic sac of 10-day-old embryonated chicken
eggs by incubation at 33‡C for 72 h. Virus was iso-
lated by discontinuous sucrose gradient centrifuga-
tion. The virions were washed and resuspended in
HEPES-bu¡ered saline (pH 7.4). The puri¢ed SV
was stored frozen at 380‡C.
2.4. Synthesis of NBD-NH-C18
The £uorescent lipid probe NBD-NH-C18 was
synthesized by dissolving NBD-Cl (124.9 mg; 0.625
mmol) in 25 ml dichloromethane followed by addi-
tion of 188.9 mg (0.702 mol) of octadecylamine. The
reaction mixture was stirred for 4 h at room temper-
ature. The solvent was removed by rotatory evapo-
ration, leaving 223.5 mg of crude product. The reac-
tion residues were separated by silica gel column
chromatography with dichloroethane:cyclohexane
(3:2) as eluting agent. A total of 183 mg of pure
product (orange powder) was obtained (yield
67.7%). The MW of the product (NBD-NH-C18)
was determined to be 432 g/mol using mass spec-
trometry (Mass Spectrometer 8200, Finnigan Mat)
and the chemical structure and purity was con¢rmed
with UV/Vis spectroscopy, 1H-NMR and thin layer
chromatography.
2.5. Preparation of NBD-NH-C18-labeled virus
A method modi¢ed from Hoekstra et al. [26] was
employed to incorporate the £uorescent lipid probe
NBD-NH-C18 in the viral envelope. A stock solution
(0.9 mg/ml) of NBD-NH-C18 in chloroform:ethanol
(1:1) was made by dissolving the probe ¢rst in
chloroform followed by dilution in absolute ethanol.
The probe was dissolved right before the start of the
labeling procedure. The unlabelled viruses were di-
luted in HEPES-bu¡ered saline (pH 7.4) to a concen-
tration of 290 Wg/ml total protein, where 1 Wg of
protein equals approximately 1.3U109 virus particles
[21]. 15 Wl of the NBD-NH-C18 stock solution was
added with a Hamilton syringe to 1 ml SV suspen-
sion during intense vortexing. The probe/virus mix-
ture was incubated without mixing in the dark for 60
min at room temperature. Labeled virus was puri¢ed
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by separation on a 21 cm (17 ml) Sepharose G75
column, equilibrated with sterile-¢ltered (to remove
small particles) KNP bu¡er at pH 7.4 and room
temperature. Labeled virus was collected in 500 Wl
fractions of the void volume (2^2.5 ml, as determined
from the passage of blue dextran) while unbound
lipid probe remained in the upper part of the col-
umn. Sterile-¢ltered KNP bu¡er (pH 7.4, room tem-
perature) was used as the eluent. The virus contain-
ing fractions were pooled and total protein was
determined according to Lowry et al. [33] and Peter-
son [34]. A protein concentration of 129 Wg/ml was
found, which indicated a dilution compared to the
starting material of approximately 1:2.25. The puri-
¢ed viruses were immediately frozen in 20 Wl aliquots
at 380‡C. There was no signi¢cant di¡erence in fu-
sogenicity between freshly labeled viruses and labeled
viruses stored concentrated 380‡C and thawed right
before the start of the experiment. However, the fu-
sogenicity of labeled virus that were not immediately
frozen, refrozen or frozen at 320‡C was markedly
decreased. Virus stored for longer times in 380‡C
than 3 months was not used. Confocal images of
labeled SV in suspension were obtained to con¢rm
the result of the labeling process (data not shown).
Transmission electron microscopy (TEM) on both
fresh and frozen samples of labeled virus negatively
stained with 2% phosphotungstenic acid showed that
the majority of virus occurred as single units. The
observed viral aggregates were usually small (2^3
particles; data not shown).
2.6. Incorporation of LPG in cell membranes
A method modi¢ed from [19] was employed.
Lyophilized lipophosphoglycan (LPG, Mr 9500), pu-
ri¢ed from L. donovani [16] was solubilized in double
distilled water to 1 mM and frozen in 320‡C as
small aliquots (stock solution). Stock solution was
thawed and diluted in PBS to 5, 10, 20, 40 and
100 WM LPG right before the start of each experi-
ment. HEp-2 cells on coverslips were washed three
times in PBS at room temperature. 100 Wl of the
desired LPG solution (in PBS) was added to each
coverslip placed in a small Petri dish. The prepara-
tions were incubated at 37‡C in 5% carbon dioxide
and high humidity for 45 min to incorporate LPG in
the cell membrane. The cells were washed three times
in cell culture medium with 5% FCS at room temper-
ature to remove unbound LPG followed by washing
three times in PBS at 4‡C. Virus attachment and
induction of fusion were then performed as described
below. The e¡ects on cell morphology of LPG incor-
poration was assessed by light microscopy. Cell via-
bility was measured by trypan blue exclusion. A
12.5 g/l trypan blue solution was prepared in PBS
and ¢ltered to remove undissolved dye. One drop
of the solution was added to each coverslip and the
fraction of cells with stained nuclei (dead cells) was
immediately determined in an inverted light micro-
scope. HEp-2 cells incubated for 45 min at 37‡C
without LPG (PBS only) were used as controls.
2.7. Fusion assay
Cells grown on 22 mm circular coverslips placed in
small Petri dishes were washed three times in ice-cold
PBS and 10 Wl of viral suspension mixed in 1 ml ice-
cold PBS was added. This gave an estimated virion
to cell ratio of approximately 2500:1 based on a
measured average upper cell surface area (glass-ad-
herent HEp-2 cells, n = 19) of 340 Wm2 and 50^70%
cell con£uence. The cell surface area was estimated
from digital confocal images of cells at 4‡C with
attached virions (such as Fig. 1, panel A). The cell
borders were outlined and the cell area was calcu-
lated using the image analysis software NIH Image.
The viruses and cells were incubated in the dark
for 60 min on ice with gentle rocking. Unbound virus
was removed by washing three times in ice-cold PBS.
The coverslip containing the cells and the attached
virus was mounted in 1 ml ice-cold PBS in a stainless
steel insert of a temperature-regulated microscope
stage (Life Science Resources, Cambridge, UK) on
the confocal microscope. The stage was set to 4‡C.
To induce fusion between the bound virus particles
and the cell membrane, the temperature of the prep-
aration was increased from 4‡C to 37‡C (5 min) fol-
lowed by incubation at 37‡C for 15 min. Before
imaging, the temperature of the preparation was
cooled to 4‡C (5 min) to avoid errors due to temper-
ature-dependent di¡erences in cell shape.
2.8. Data analysis and collection
Fluorescence correlation spectroscopy (FCS) refers
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to a family of techniques which analyze £uorescence
£uctuations in time or space to yield number counts
and dynamic information such as di¡usion or £ow
[35^37]. By providing number counts in de¢ned vol-
umes or areas, these techniques are capable of quan-
tifying the state of aggregation and changes in aggre-
gation due to the redistribution of £uorescent
components [35,38]. ICS relies on spatial intensity
£uctuations in images collected with a confocal la-
ser scanning microscope (described in detail in
[29,30,39]). Typically, an image of the distribution
of £uorescence intensity on the surface of a cell is
generated by scanning a £uorescently labeled cell, or
as in this work, a cell with attached £uorescent virus
particles, with a laser beam and recording the £uc-
tuations in £uorescence intensity as a function of
position in two dimensions [29,30,37]. The image
analysis is based on the autocorrelation function
for these £uorescence intensity £uctuations, since it
has been shown that the amplitude of this function
contains the number count. To obtain dynamic in-
formation, analysis of many temporally spaced im-
ages are needed [39].
The decay of the autocorrelation function depends
on the transverse intensity pro¢le of the laser beam.
Therefore, we ¢t the calculated autocorrelation func-
tion, g(h,R) to a two-dimensional Gaussian function
as follows [29,30]:
gh;R  g0; 0e3h2R2=g2  g0 1
where h and R are the position lag coordinates (for
the x and y axes, respectively) of the autocorrelation
function, g is the e32 radius of the laser beam and
g(0,0) is the amplitude of the autocorrelation func-
tion upon extrapolation of h and R to zero. The o¡-
set, g0, is introduced to account for the ¢nite sample
size of the images, which can result in a decay of
g(h,R) to a non-zero level at large lag coordinates.
The g0, g(0,0) and g are extracted from the ¢tting
procedure [29]. All calculations were performed on a
Massively Parallel Computer (MP-2, MasPar Com-
puter Corporation, Sunnyvale, CA, USA).
After incubation of the cells with the £uorescently
labeled viruses, as described above (Section 2.7), £uo-
rescence images were obtained using a Bio-Rad
MRC-600 confocal microscope (Bio-Rad Micro-
science Division, Watford, Herts., UK), equipped
with a 25 mW argon ion laser, a Nikon inverted
microscope and a temperature-regulated (0^50‡C)
microscope stage (Life Science Resources). The sam-
ples were examined through a 60U, NA 1.4 Nikon
oil immersion objective and the 488 nm laser line was
employed for excitation of the NBD probe. The ex-
citing light was attenuated to 10% of the laser power,
equivalent to a few tenths of a mW. Images were
collected in the photon counting mode to ensure lin-
ear scaling of the intensity [30].
Twenty-¢ve individual scans (each of around 1 s
duration) of the same area of the cell were accumu-
lated to yield a single 16.3U16.3 Wm image
(512U512 pixels). The pinhole aperture was set to
8 on the Bio-Rad Vernier scale, which corresponded
to a radius of the focused laser beam of 0.38 Wm.
Only one image was recorded from each cell inves-
tigated. After every ¢fth image, an image was col-
lected with no laser exposure of the sample to pro-
vide a measure of background intensity (‘dark
current’) [30].
To correct g(0,0) for background intensity, the
g(0,0) value for each image was ¢rst multiplied
with the square of the mean image intensity,6 Is 2,
to obtain G(0,0) [29,30,40]. G(0,0) was then divided
by the square of the mean image intensity minus the
background intensity, (6 Is36 Is dc)2, to obtain
the corrected g(0,0) value, g(0,0)corr:.
Because of the relatively small cell size and the
curvature of the cell surface, the area of cell mem-
brane in focus rarely covered the whole image area.
The following procedure was employed to compen-
sate for this. After collection, the images were div-
ided into four quadrants of 256U256 pixels or
8.15U8.15 Wm each. Only quadrants with £orescence
from the cell surface in focus were analyzed with
ICS. For simple visualization of the distribution of
viruses, 163U163 Wm or 90.6U90.6 Wm images
(512U512 pixels) were also collected (photon count-
ing mode), using the same objective, laser intensity
and beam size as above.
2.9. Data interpretation
The simplest interpretation of the g(0,0)
(g(0,0)corr:) value is that it arises from a single pop-
ulation of £uorescently labeled molecules:
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g0; 0  1
6Nps
2
where g(0,0) is the zero lag amplitude of the auto-
correlation function and 6Nps the average num-
ber of independent £uorescently labeled particles in
the observation area, i.e. the area of the laser beam
[29,40]. A ‘particle’ is any independent £uorescently
labeled species, i.e. a £uorescent monomer is one
particle, but an aggregate of £uorescent monomers,
such as a virus particle labeled with £uorescent lipid,
is also one particle. Therefore, aggregation leads to a
reduction of 6Nps (larger and fewer particles) and
dispersion to an increase of 6Nps , which are both
measured by the g(0,0) value.
In this work we have studied a system that consists
of two distinct populations of £uorescent particles;
disperse NBD-NH-C18 molecules in the host cell
membrane, i.e. £uorescent monomers (population
1) and virus particles each labeled with a very large
number of NBD-NH-C18 molecules, i.e. large aggre-
gates of £uorescent molecules (population 2). Peters-
en [40] has shown that for this particular bimodal
distribution g(0,0) can be expressed as:
g0; 0  1
6Nms
1 nx2
where
n  W2
W1
and
x2  6N2sW26Nms 3
6Nms is the average total number of monomers
(individual £uorophores or correspondingly individ-
ual labeled lipid or proteins) in the observation area.
6N2s is the mean number of large £uorescent ag-
gregates (viruses) in the area. W1 and W2 are the aver-
age number of £uorescent molecules per aggregate in
population 1 (monomers) and 2 (large aggregates),
respectively. x2 represents the fraction of the total
number of labeled molecules that are present in pop-
ulation 2. Here, population 1 consists of monomers,
and W1 is thus equal to 1. Eq. 3 can then be simpli¢ed
to:
g0; 0  1
6Nms
1 W2x2 4
Before fusion, all labeled molecules are (ideally)
present as large aggregates (labeled virions) and x2
is thus equal to 1. Since W2 is very large (E1), g(0,0)
is approximately equal to W2 divided by 6Nms ,
which thus equals 1/6Nps . Before induction of
fusion, 6Nps would thus be a direct measure of
the average number of viruses in the observation
area. As more and more virus fuse, the fraction of
labeled molecules present as aggregates, x2, will grad-
ually decrease until ¢nally all £uorescent molecules
are present as monomers in the host cell membrane
and x2 is equal to zero. The g(0,0) value is then equal
to 1/6Nms . After fusion of all viruses in the ob-
servation area, 6Nps thus becomes equal to
6Nms , as expected.
The average number of particles, 6Nps , is de-
pendent on the beam area. However, the cluster den-
sity (CD) can be obtained simply by dividing this
quantity by the beam area:
CD  6Nps
Zg2
 1
g0; 0Zg2 5
where g is the e32 radius of the laser beam. The CD
is thus the number of independent £uorescent par-
ticles per Wm2 of cell membrane [29,30].
The average £uorescence intensity of an image mi-
nus the background intensity, 6 Is36 Is dc, gives
an estimate of the total number of £uorophores,
6Nms , in the observation area. However, the
quantum yield of some £uorescent probes, such as
R18 and NBD-phosphatidyletanolamine, is concen-
tration-sensitive and aggregation may thus lead to
self-quenching and a decrease in 6 Is [21,41,42].
Dispersion of the probes may similarly lead to de-
quenching and an increased 6 Is . Since we divide
G(0,0) by (6 Is36 Is dc)2 to obtain g(0,0)corr: (see
above) an increase in 6 Is due to dequenching of
the £uorescent probe upon dispersion will result in
an underestimation of the true g(0,0)corr. value and
thus to an overestimation of the CD (see Section 4).
2.10. Image processing
One representative image each from two sets of
images obtained before and after incubation at
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37‡C were imported into the software NIH Image
v1.61 for Macintosh. Fourier-¢ltering with a custom-
ized mask (transition width 6 pixels) was performed
to remove high frequency information (noise). Ex-
actly the same mask was employed on both images.
After Fourier ¢ltering, the image intensity in the im-
age obtained after incubation at 37‡C was corrected
by multiplication with a scaling factor, so that the
relation of intensity between the two original images
was retained.
2.11. Exclusion of data and statistical analysis
ICS data displaying a g value (¢tted laser beam
radius) 6 0.3 or s 0.5 Wm or a mean intensity after
background correction (6 Is36 Idcs ) 6 1 were
excluded. Outliers (0^3 measurements in each data
set) in the corrected g(0,0) (g(0,0)corr:) data were sub-
sequently identi¢ed by the Q-test and removed. In
total less than 10% of the data was excluded in
each data set. Data are displayed as mean values
with standard error (S.E.M.). P-values were obtained
with Student’s t-test.
3. Results
3.1. Estimation of the number of virions bound
per cell
At 4‡C CLSM revealed attached £uorescent SV as
bright aggregates of £uorescence distributed over the
upper surface of the host cell (Figs. 1 and 2). From
the 6 g(0,0)corr:s values obtained with ICS an esti-
mate of the 6CDs , or number of £uorescent ag-
gregates per Wm2 host cell membrane, was made
under di¡erent conditions. Assuming that the £uo-
rescent probe NBD-NH-C18 was completely con-
tained in the envelope of the labeled virus particles
at 4‡C, the 6CDs gives an estimate of the number
of virus particles bound per Wm2. At 4‡C, 6CDs
was found to be V2 Wm32, regardless of host cell
type (BALB-3T3 or HEp-2) or whether LPG was
incorporated in the host cell membrane or not (Table
1). Assuming a upper cell surface area (HEp-2) of
around 340 Wm2 this suggested binding of V27%,
or V680 viruses, of the V2500 added per cell (see
Section 2). Confocal imaging at di¡erent depths in
the cell layer revealed that no viruses bound to the
bottom surface of the cells (data not shown).
3.2. Increased temperature induces redistribution and
dequenching of NBD-NH-C18
After incubation of the samples at 37‡C for 15 min,
CLSM revealed a di¡use, relatively intense £uores-
cence over large areas of the host cell surface togeth-
er with a few remaining aggregates of £uorescence
(Figs. 1 and 3). Confocal sectioning through the nu-
clear plane of the cells (HEp-2) revealed di¡use, in-
tense £uorescence also in intracellular membrane
structures (Fig. 3, panel A). ICS analysis of images
obtained after incubation at 37‡C displayed a
marked decrease in the 6 g(0,0)corr:s value (Table
1), and a concomitant increase of 6CDs . In both
cell lines studies (HEp-2, BALB-3T3), 6CDs in-
creased to V260% of the value at 4‡C (Table 1, Fig.
4). An increased mean £uorescence intensity was also
observed in the images obtained after incubation at
37‡C (Table 1, Fig. 4). The e¡ect of incubation at
37‡C on the mean intensity was more pronounced
(190 vs. 140% of value at 4‡C) in HEp-2 cells com-
pared to BALB-3T3.
3.3. LPG inhibits the redistribution and dequenching
of NBD-NH-C18
Possible e¡ects on the host cells (HEp-2) of di¡er-
ent concentrations of LPG (5, 10, 20, 40 and 100 WM)
was ¢rst assessed. Increasing the LPG concentration
up to 20 WM made the cells round up slightly, but
there was no e¡ect on adherence or viability (see
Section 2). 40 WM LPG caused a more pronounced
rounding and some cells were seen to come o¡ the
glass. Viability was not a¡ected. Increasing the con-
centration of LPG to 100 WM caused almost all cells
to leave the glass. In view of these results and pre-
vious reports [19] we chose to study the e¡ects of 5,
10 and 20 WM LPG on virus fusion. Preincubation of
the host cells (HEp-2) with 20 WM LPG was found to
totally inhibit the observed increase in 6CDs after
incubation of the sample at 37‡C (Table 1). 10 WM
LPG had a less pronounced e¡ect while 5 WM LPG
had an even less inhibitory e¡ect on the temperature-
induced increase in 6CDs (Table 1). The 6CDs
values after incubation at 37‡C were also plotted
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relative to the respective value at 4‡C for each con-
centration of LPG to demonstrate the concentration
dependence more clearly (Fig. 5). The e¡ect of LPG
on the observed increase in mean £uorescence inten-
sity after incubation at 37‡C was more complex (Ta-
ble 1). 5 WM LPG appeared to reduce the temper-
ature-induced increase in intensity compared to
controls (without LPG) and this reduction was fur-
ther pronounced with 10 WM LPG (Table 1). How-
ever, 20 WM LPG, which completely inhibited the
temperature-induced increase in 6CDs (Table 1,
Fig. 5), did not further inhibit the increase in mean
£uorescence intensity observed with 10 WM LPG
(Table 1).
3.4. Endocytosis of unfused virus in the presence of
LPG
To investigate the fate of the unfused SV in host
cells preincubated with LPG, samples were incubated
at 37‡C as described in Section 2 followed by con-
focal imaging in the nuclear plane of the cells (Fig.
Fig. 1. E¡ects of temperature and lipophosphoglycan (LPG) on NBD-NH-C18-labeled Sendai viruses bound to host cells (HEp-2).
Labeled viruses were allowed to bind to glass-adherent HEp-2 cells at 4‡C. Imaging in the confocal microscope at 4‡C (A) was fol-
lowed by incubation of the sample at 37‡C for 15 min followed by cooling to 4‡C (5 min) and recording of new images (B). Fourteen
accumulations were made for each image (photon counting mode). The same experiment was also performed on HEp-2 cells pre-
treated with 20 WM lipophosphoglycan, LPG (C; 4‡C and D; after incubation at 37‡C). Bar is 20 Wm.
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6). With 20 WM LPG, internalized, apparently intact,
labeled SV was detected in 5^10% of the cells. Inter-
nalized SV was de¢ned as aggregates of £uorescent
particles found inside the cells, close to the nucleus
(Fig. 6, panel C). Without LPG, a di¡use intense
£uorescence was found throughout the interior of
the cell, making it di⁄cult to ascertain the presence
of internalized SV (Fig. 6, panel A). With 10 WM
Fig. 2. NBD-NH-C18-labeled Sendai viruses on the surface of a host cell (HEp-2) at 4‡C. (A) A typical raw data confocal image ob-
tained for image correlation spectroscopy, ICS (25 accumulations, photon counting mode). (B) The same image after low-pass Fourier
¢ltering (see Section 2). (C) The image in (B) is displayed as a two-dimensional plot. The same look-up table (LUT) was used for all
three images. Bar is 2 Wm.
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LPG, as with 20 WM, internalized intact SV were
found in 5^10% of the cells, using the criterion cited
above. With 10 WM LPG, however, structures were
also found that were interpreted as £uorescent intra-
cellular vesicles (Fig. 6, panel B) (see Section 4).
4. Discussion
The strength of CLSM/ICS lies in the visualization
and non-biased quanti¢cation of the aggregation
state of £uorescently labelled cellular components
[29,30]. Here we applied CSLM/ICS to studies of
fusion of enveloped virus with single host cells
[11,19]. Compared to cuvette measurements where
the dequenching of a £uorescent probe (e.g. R18) is
followed over time in a bulk suspension of cells and
labeled virions [21^26], CLSM/ICS o¡ers several ad-
vantages. These include much enhanced spatial reso-
lution, direct visual impression of the on-going pro-
cesses, the possibility of complimentary measure-
ments in the images and the ability to study adherent
and polarized cells. Colocalization of various compo-
nents of the fusion process may be studied with im-
age cross correlation spectroscopy (ICCS), which is a
recent extension of ICS [52].
Below V18‡C, fusion of bound SV with host cells
is insigni¢cant, and at 4‡C virtually zero [42,43].
Thus £uorescently labelled SV were attached to
host cells in the cold and ¢rst imaged at 4‡C. To
obtain the necessary correlation, the diameter of
the laser beam in the confocal microscope was set
to 760 nm (Vernier 8) which is much larger than
the labelled virus particles (diameter 150^300 nm)
[1]. This made all particles appear uniform in size
in the images and the shape of an imaged virion al-
ways re£ected the shape of the Gaussian laser beam
(Fig. 2) [29,30]. Large virus particles contained more
£uorescent probe and showed up as more intense
spots in the image.
The pattern of £uorescence in the images changed
markedly after induction of fusion by incubation of
the sample at 37‡C. Only a few £uorescent aggre-
gates (virions) remained and instead we observed a
uniform, intense and disperse £uorescence (Fig. 3).
We interpret this as evidence for viral fusion, leading
to dispersion of the £uorescent lipid probe from the
virion envelope out into the host cell membrane, ac-
companied by £uorescence dequenching [40]. With
ICS we observed a signi¢cant increase of 6CDs
after induction of fusion (Table 1, Fig. 4) which re-
£ected an increase in the average number of par-
ticles, 6Nps , in the images and the corresponding
decrease of g(0,0) (Eq. 3). The remaining virus par-
ticles could be defective because of overloading with
£uorescent probe or damage caused in the original
Table 1
Image correlation spectroscopy (ICS) analysis of Sendai virus fusion with host cells and inhibition of fusion by lipophosphoglycan
(LPG)
Cells LPG (mM) 37‡Ca nb 6 Is36 Idcs relativec (S.E.M.) 6 g(0,0)corr:s d (S.E.M.) 6CDs e (S.E.M.)
BALB-3T3 0 3 37 1.0 (0.06) 1.0 (0.1) 2.0 (0.2)
BALB-3T3 0 + 58 1.4 (0.08) 0.4 (0.02) 5.2 (0.4)
HEp-2 0 3 57 1.0 (0.06) 1.3 (0.09) 1.7 (0.1)
HEp-2 0 + 79 1.9 (0.1) 0.5 (0.03) 4.4 (0.3)
HEp-2 5 3 66 1.0 (0.07) 1.4 (0.1) 2.1 (0.2)
HEp-2 5 + 44 1.6 (0.07) 0.5 (0.04) 4.8 (0.4)
HEp-2 10 3 62 1.0 (0.07) 1.4 (0.1) 1.7 (0.2)
HEp-2 10 + 71 1.4 (0.09) 0.8 (0.07) 2.7 (0.2)
HEp-2 20 3 52 1.0 (0.05) 1.4 (0.1) 1.7 (0.2)
HEp-2 20 + 57 1.4 (0.08) 1.2 (0.09) 1.9 (0.2)
a4‡C (3) ; after incubation at 37‡C for 15 min (+).
bNumber of images analyzed.
cMean £uorescence intensity in the image minus mean instrumental background (dark current); values are given relative to the value
at 4‡C for each set of experiments.
dMean peak value for the autocorrelation function divided by the mean corrected intensity (see c) squared.
eMean cluster density, i.e. mean number of £uorescent aggregates per Wm2.
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preparation. Alternatively, the 15 min incubation at
37‡C was too short to permit fusion of all virions.
At 4‡C ICS indicated a cluster density of about
two £uorescent aggregates per Wm2, i.e. about 680
£uorescent aggregates per cell. However, a manual
count of the large £uorescent aggregates (labelled
Fig. 3. The surface of a host cell (HEp-2) with attached NBD-NH-C18-labeled Sendai viruses after incubation at 37‡C for 15 min.
(A) A typical raw data confocal image obtained for image correlation spectroscopy, ICS (25 accumulations, photon counting mode).
(B) The same image after low-pass Fourier ¢ltering (see Section 2). (C) The image in (B) is displayed as a two-dimensional plot. The
same look-up table (LUT) was used for all three images. The image in (B) (and (C)) was scaled so that the relation of intensity be-
tween the two raw data images (Fig. 2A and 3A) was retained in the ¢ltered images (Fig. 2B (and 2C) and 3B (and 3C)). Bar is 2 Wm.
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virus) distinguishable in a typical image (such as Fig.
2, panel A) resulted in V20 aggregates per image or
0.3 aggregates per Wm2. The discrepancy indicates
that ICS detected contributions from faint sources
of £uorescence not easily discriminated by the eye.
These could be weakly stained virions, free £uores-
cent probe that had leaked from the bound virus to
the cell membrane, background or auto£uorescence.
Thus we cannot provide an exact count of the virus
particle density prior to fusion. However, there is an
upper limit of 680 bound virions per cell estimated
from the ICS data and a lower limit of about 200
from the direct count of bright aggregates. LPG had
no e¡ect on the binding of SV to cells since the
6CDs at 4‡C for preparations with and without
LPG were equal (Table 1). Miao et al. previously
reported that LPG decreased binding of SV to pa-
pain-treated erythrocyte ghosts [11]. It is conceivable
that there is a higher degree of unspeci¢c binding of
SV to ghosts compared to cells. Hypothetically un-
speci¢c binding of SV is more prone to be a¡ected by
steric hindrance or changes in surface charge follow-
ing LPG incorporation compared to speci¢c binding.
Although LPG is an amphiphile and thus would
accumulate in membranes it is likely that only a
small fraction of the total amount of added LPG
Fig. 5. E¡ect of lipophosphoglycan (LPG) on the fusion of
NBD-NH-C18-labeled Sendai virus and single host cells (HEp-
2) measured by image correlation spectroscopy (ICS). Confocal
images of £uorescent Sendai virus attached to the surface of
HEp-2 cells, preincubated with di¡erent concentrations of LPG,
were analyzed with ICS to obtain the mean cluster density
(6CDs ) as described in Section 2. For each sample, images
were ¢rst obtained at 4‡C followed by incubation at 37‡C for
15 min and recording of a new set of images. The mean relative
CD (6 rCDs ) was calculated for each sample by dividing the
6CDs after incubation at 37‡C with the 6CDs at 4‡C.
The 6 rCDs obtained at 4‡C was set to 1. Error bars indicate
S.E.M. Student’s t-test was employed to determine the P val-
ues; *P6 0.05, **P6 0.01, ***P6 0.001 and n.s. (non signi¢-
cant) Ps 0.05. The 6CDs data and the number of images in
each data set is given in Table 1.
Fig. 4. Fusion of NBD-NH-C18-labeled Sendai virus and single
host cells (HEp-2, BALB-3T3) measured by image correlation
spectroscopy (ICS). (A) The mean intensity (6 Is ) minus the
mean background intensity (‘dark current’, 6 Idcs ) in confocal
images of attached viruses on the upper surface of individual
host cells at 4‡C (3) and after incubation of the sample at
37‡C for 15 min (+) (see Section 2). (B) The mean cluster den-
sity (6CDs ), obtained with ICS, for the same images as in
(A). Error bars indicate S.E.M. Student’s t-test was employed
to determine the P values; *P6 0.05, **P6 0.01, ***P6 0.001
and n.s. (non signi¢cant) Ps 0.05. The number of images in
each data set is given in Table 1.
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was incorporated in the HEp-2 plasma membrane. In
a previous report incubation with 10^20 WM LPG for
15 min at 37‡C gave a ¢nal LPG concentration in
erythrocyte ghost membranes of 1^2 mol % with re-
spect to the phospholipids [11]. During preparation
and incubation with the cells, LPG may also be lost
through endocytosis and unspeci¢c binding to glass
and plastic. However, we found that LPG inhibited
SV fusion at concentrations similar to those reported
for inhibition of HIV infection in cultured T cells
using essentially the same protocol for LPG incorpo-
ration [19].
During fusion large aggregates of £uorescence (vir-
ions) coexist with £uorescent monomers (dispersed
probe). Since the number of £uorescent molecules
in each labelled virion is very large, fusion has to
be well advanced before the 6CDs re£ects primar-
ily the number of monomers. In other words, the
contribution the bright £uorescent particles will
dominate the correlation function until fusion is al-
most complete. Since there are always some residual
virus particles that do not fuse, the cluster density
will never increase to monomer level. The 6CDs
measured after fusion will therefor be an underesti-
mate of the extent of fusion and a completely quan-
titative assessment of the number of fused virus par-
ticles is di⁄cult. The problem is compounded by the
dequenching of the £uorescent probe as it dissipates
from the virus. The assumption underlying Eq. 3 that
the quantum yield of the £uorescence does not
change with the state of aggregation is then strictly
not valid. Therefor, we cannot provide an exact virus
count after fusion either. However, the relative ef-
fects are still quantitatively comparable. The 260%
increase of 6CDs after induction of fusion sug-
gests that at least 60% of the virions fused with the
host cell (Eq. 3).
Since LPG inhibited the dispersion of lipid probe
from the viral envelope to the cell membrane, we
conclude that LPG interferes with the fusion process
at or prior to the hemifusion step in the virus-host
cell interaction. This suggests that LPG may either
a¡ect the early fusion of the two outer bilayers by
inhibiting lipid rearrangements required to form fu-
sion intermediates [11,44^47] or by steric inhibition
of the viral proteins that are essential for fusion [5].
LPG may interfere with the actual receptor-virus in-
teraction, but it is unlikely since LPG does not alter
Fig. 6. E¡ect of lipophosphoglycan (LPG) on the internaliza-
tion and fusion of NBD-NH-C18-labeled SV with intracellular
membranes in host cells (HEp-2). Labeled SV were allowed to
attach to HEp-2 cells preincubated with 0, 10 or 20 WM LPG
as is described in Section 2. The samples were incubated at
37‡C for 15 min and confocal images (photon counting mode)
were obtained from the nuclear plane of the cells. (A) HEp-2
cells without LPG. (B) Cells preincubated with 10 WM LPG.
(C) Cells preincubated with 20 WM LPG. Bar is 10 Wm.
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the density of bound virus. Moreover, it has been
shown that LPG a¡ects the conformation of the
SV fusion peptide even when it is present in the op-
posite membrane lea£et (manuscript in preparation).
That NBD-NH-C18 is found also in intracellular
membranes after virus fusion (Fig. 6, panel A) cor-
relates well with the reported rapid internalization of
NBD-labeled phospholipids at 37‡C [48,49]. The
clusters of apparently intact £uorescent virions found
in cells preincubated with 20 WM LPG implies a
competition of the rate of fusion with endocytosis
(Fig. 6). Intact, internalized virions were also seen
in cells exposed to 10 WM LPG, but in these cells
we also observed structures that we interpret as in-
tracellular £uorescent vesicular membranes (Fig. 6,
panel B). We speculate that this is a result of fusion
of SV inside the endosomes. This could occur if there
is less LPG in the endosomes because it is excluded
during the endocytosis process, or because 10 WM
LPG delays, rather than completely prevents, fusion.
However, the suggested exclusion of LPG from the
endosome cannot be complete since we observed no
intracellular fusion with 20 WM LPG.
Concentration-dependent £uorescence quenching
has been reported both for NBD-phosphatidyletha-
nolamine (NBD-PE) [40,41] and for the extensively
used fusion probe R18 [21]. The 90% increase in
average image £uorescence following fusion (Table
1, Fig. 4) indicated that NBD-NH-C18 too is parti-
ally quenched when present at high concentrations,
such as in the labelled viral envelope. A ¢ve-fold
increase in £uorescence following dispersion of
NBD-NH-C18 was calculated assuming fusion of
60% of the attached virions and free di¡usion of
probe monomers to the ventral cell membrane. In-
creasing concentrations of LPG caused a progres-
sively decreased dequenching, in parallel with the
progressive decline of the increase of 6CDs .
With 20 WM LPG the average image intensity in-
creased V40% after incubation at 37‡C although
viral fusion (observed as an increase of 6CDs )
was completely inhibited. To explain this, we pro-
pose that LPG inhibited transfer of £uorescent probe
via fusion, but not transfer by other mechanisms,
such as leaking, lipid exchange or formation of mi-
celles. Transfer of R18 in the absence of fusion has
recently been observed, particularly at long incuba-
tion times (s 10 min) and temperatures 6 30‡C (S.
Ohki, T.D. Flanagan, D. Hoekstra, manuscript in
preparation). If unspeci¢c transfer occurs, measure-
ment of £uorescence dequenching on individual cells
or in bulk is a less reliable indicator of fusion partic-
ularly at longer times (10^15 min). Since ICS directly
detects changes in the number of intact virus par-
ticles it should be more reliable. The increased inten-
sity may also arise from a change in the localization
of the lipid probe in the viral membrane; NBD £uo-
rescence is known to be highly dependent on the
degree of hydrophobicity in the environment [50].
Linescans (¢ve per image) through images from the
same sample (20 WM LPG) obtained before (n = 15)
and after (n = 12) induction of fusion showed no in-
crease in the intensity of the individual viruses
although the average intensity of the linescans in-
creased V30%. Control experiments ruled out the
possibility of increased HEp-2 auto£uorescence after
the heating cycle. We thus propose non-fusion trans-
fer and subsequent dequenching of a small fraction
of the lipid probe as the reason for the observed
increase in mean intensity. A concomitant decrease
in the intensity of the bound virions is not expected
since local dequenching would compensate for the
loss of probe from the viral envelope.
In conclusion, we show that CLSM/ICS can detect
viral events such as binding, fusion or inhibition of
fusion on individual host cells and that the technique
is sensitive enough to discriminate various degrees of
fusion inhibition. At present, only the extent of fu-
sion can be discriminated by CLSM/ICS. By labeling
the virion with two £uorescent probes with di¡erent
emission wavelengths, one that resists only in the
outer lea£et of the membrane and the other only in
the inner lea£et (or inside the virion) CSLM/ICS and
ICCS may also be used to discern fusion intermedi-
ates, such as the hemifusion stage. We are currently
using the techniques to probe the fate of the viral
envelope proteins (HN and F) during fusion and to
determine whether GD1a [4] is an e¡ective viral re-
ceptor.
Acknowledgements
Ms. Cui-Hua Liu, M.Sci., is gratefully acknowl-
edged for the synthesis and puri¢cation of NBD-
NH-C18. The project was supported by a Collabo-
BBAMCR 14357 8-9-98
B.J. Rasmusson et al. / Biochimica et Biophysica Acta 1404 (1998) 338^352 351
rative Research Grant from NSERC, Canada to
R.M.E., T.D.F. and N.O.P. B.J.R. was the recipient
of a postdoctoral fellowship grant from the Swedish
Research Council for Engineering Sciences (TFR,
Grant 282-94-941).
References
[1] R.A. Lamb, D. Kolakofsky, in: B.N. Fields, D.M. Knipe,
P.M. Howley (Eds.), Virology, Vol. 1, Lippincott-Raven,
New York, 1996.
[2] A.M. Haywood, J. Mol. Biol. 83 (1974) 427^436.
[3] A.M. Haywood, J. Mol. Biol. 87 (1974) 625^628.
[4] R.M. Epand, S. Nir, M. Parolin, T.D. Flanagan, Biochem-
istry 34 (1995) 1084^1089.
[5] R.A. Lamb, Virology 197 (1993) 1^11.
[6] G.W. Kemble, T. Danieli, J.M. White, Cell 76 (1994) 383^
391.
[7] L. Chernomordik, A. Chanturia, J. Green, J. Zimmerberg,
Biophys. J. 69 (1995) 922^929.
[8] R.J. Lowy, D.P. Sarkar, M.H. Whitnall, R. Blumenthal,
Exp. Cell Res. 216 (1995) 411^421.
[9] V.S. Markin, M.M. Kozlov, V.L. Borovjagin, Gen. Physiol.
Biophys. 3 (1984) 361^377.
[10] D.P. Siegel, Biophys. J. 65 (1993) 2124^2140.
[11] L. Miao, A. Sta¡ord, S. Nir, S.J. Turco, T.D. Flanagan,
R.M. Epand, Biochemistry 34 (1995) 4676^4683.
[12] S.J. Turco, A. Descoteaux, Annu. Rev. Microbiol. 46 (1992)
65^94.
[13] S.M. Puentes, D.L. Sacks, R.P. da Silva, K.A. Joiner, J. Exp.
Med. 167 (1988) 887^902.
[14] E. Handman, L. Schnur, T.W. Spithill, G.F. Mitchell,
J. Immunol. 137 (1986) 3608^3613.
[15] T.B. McNeely, S.J. Turco, J. Immunol. 144 (1990) 2745^
2750.
[16] P.A. Orlandi, S.J. Turco, J. Biol. Chem. 262 (1987) 10384^
10391.
[17] S.J. Turco, S.R. Hull, P.A. Orlandi, S.D. Shepherd, Bio-
chemistry 26 (1987) 6233^6238.
[18] S.J. Turco, P.A. Orlandi, J. Biol. Chem. 264 (1989) 6711^
6715.
[19] M.D. Easterbrook, M.H. Levy, A.M. Gomez, S.J. Turco,
R.M. Epand, K.L. Rosentahal, J. AIDS Hum. Retroviruses
10 (1995) 496^505.
[20] P.M. Keller, S. Person, W. Snipes, J. Cell Sci. 28 (1977) 167^
177.
[21] D. Hoekstra, K. Klappe, J. Virol. 58 (1986) 87^95.
[22] J.J. Cheetham, R.M. Epand, M. Andrews, T.D. Flanagan,
J. Biol. Chem. 265 (1990) 12404^12409.
[23] N. Srinivasakumar, P.L. Ogra, T.D. Flanagan, J. Virol. 65
(1991) 4063^4069.
[24] J.J. Cheetham, S. Nir, E. Johnson, T.D. Flanagan, R.M.
Epand, J. Biol. Chem. 269 (1994) 5467^5472.
[25] P.L. Yeagle, F.T. Smith, J.E. Young, T.D. Flanagan, Bio-
chemistry 33 (1994) 1820^1827.
[26] D. Hoekstra, T. de Boer, K. Klappe, J. Wilshut, Biochem-
istry 23 (1984) 5675^5681.
[27] G.N. Georgiou, I.E.G. Morrison, R.J. Cherry, FEBS Lett.
250 (1989) 487^492.
[28] R.J. Lowy, D.P. Sarkar, Y. Chen, R. Blumenthal, Proc.
Natl. Acad. Sci. USA 87 (1990) 1850^1854.
[29] N.O. Petersen, P.L. Hoddelius, P.W. Wiseman, O. Seger,
K.E. Magnusson, Biophys. J. 65 (1993) 1135^1146.
[30] P.W. Wiseman, Ph.D. Thesis, Department of Chemistry,
The University of Western Ontario, London, Ont., 1995.
[31] P.W. Wiseman, P.L. Hoddelius, N.O. Petersen, K.-E. Mag-
nusson, FEBS Lett. 401 (1997) 43^48.
[32] E. Fire, C.M. Brown, M.G. Roth, Y.I. Henis, N.O. Petersen,
J. Biol. Chem. 272 (1997) 29538^29545.
[33] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall,
J. Biol. Chem. 193 (1951) 265^275.
[34] G.L. Peterson, Methods Enzymol. 91 (1983) 95^119.
[35] E.L. Elson, D. Magde, Biopolymers 13 (1974) 1^27.
[36] M. Ehrenberg, R. Rigler, Q. Rev. Biophys. 9 (1976) 69^
81.
[37] M. Eigen, R. Rigler, Proc. Natl. Acad. Sci. USA 91 (1994)
5740^5747.
[38] M. Weissman, H. Schindler, G. Feher, Proc. Natl. Acad. Sci.
USA 73 (1976) 2776^2780.
[39] M. Srivastava, N.O. Petersen, Methods Cell Sci. 18 (1996)
47^54.
[40] N.O. Petersen, Biophys. J. 49 (1986) 809^815.
[41] D. Hoekstra, Biochemistry 21 (1982) 1055^1061.
[42] R.S. Brown, J.D. Brennan, U.J. Krull, J. Chem. Phys. 100
(1994) 6019^6023.
[43] A.M. Haywood, B.P. Boyer, Biochemistry 21 (1982) 6041^
6046.
[44] D. Hoekstra, K. Klappe, H. Ho¡, S. Nir, J. Biol. Chem. 264
(1989) 6789^6792.
[45] R.M. Epand, Biosci. Rep. 6 (1986) 647^653.
[46] H. Ellens, D.P. Siegel, D. Alford, P.L. Yeagle, L. Boni, L.J.
Lis, P.J. Quin, J. Bentz, Biochemistry 28 (1989) 3692^
3703.
[47] L. Chernomordik, E. Leikina, M.-S. Cho, J. Zimmerberg,
J. Virol. 69 (1995) 3049^3058.
[48] R.G. Sleight, R.E. Pagano, J. Cell Biol. 99 (1984) 742^751.
[49] R.G. Sleight, R.E. Pagano, J. Biol. Chem. 260 (1985) 1146^
1154.
[50] S. Mazeres, V. Schram, J.-F. Tocanne, A. Lopez, Biophys.
J. 71 (1996) 327^335.
[51] M. Kumar, M.Q. Hassan, S.K. Tyagi, D.P. Sarkar, J. Virol.
71 (1997) 6398^6406.
[52] M. Srivastava, N.O. Petersen, Methods Cell Sci. 18 (1996)
47^54.
BBAMCR 14357 8-9-98
B.J. Rasmusson et al. / Biochimica et Biophysica Acta 1404 (1998) 338^352352
